Introduction
The intestinal mucosa is composed of a highly dynamic epithelial cell population in which proliferating cells are spatially segregated in the crypt from a gradient of increasingly differentiated cells present along the longitudinal axis of the villus. The maintenance of mucosal integrity in the face of constant and rapid turnover of these cell populations suggests that exquisite mechanisms must exist to balance proliferative activity with both commitment to differentiation and loss of mature Address reprint requests to Dr. Daniel K. Podolsky, Gastrointestinal Unit, Massachusetts General Hospital, Boston, MA 02114.
Received for publication 4 January 1989 and in revised form 13 February 1989. cells from the villus. A number of observations in both primary cells and established cell lines derived from the intestinal epithelium and human colon carcinomas indicate that soluble peptide growth factors may be essential in regulating proliferative activity in intestinal epithelial cells (1) (2) (3) (4) (5) . A number of investigators have speculated that epidermal growth factor may play an important role in view of the detection of epidermal growth factor (EGF)' receptors on enterocytes (6) (7) (8) .
Over the past several years, two additional classes of peptides initially identified through their ability to stimulate or augment anchorage independent growth of nontransformed fibroblasts and designated transforming growth factors a and (3 (TGF a and f3) have been recognized to have potent effects on proliferation of many types of epithelial cells (9) . TGF a, structurally homologous to EGF has been found to stimulate thymidine incorporation in many cell types (10-1 1) . This action appears to be mediated through the same receptor that binds EGF indicating that the physiologically relevant ligand of some receptors initially detected through binding of EGF may not be obvious. In contrast, TGF f3 has been found to inhibit proliferative activity of many epithelial cell types (12) (13) (14) . Although the mechanisms are incompletely understood, TGF 3-mediated growth inhibition may be coupled to expression of features of differentiation in some cell sys-
tems (I5).
A number of observations suggest that these more recently described factors may also participate in the modulation of proliferation and differentiation in the intestinal epithelium. Coffey and his co-workers have demonstrated the production of either TGF a and/or TGF fl by some human colonic carcinoma-derived cell lines (3, 4) . The associated presence of receptors for these ligands on some ofthe same cell lines suggests that these peptides may provide autocrine regulation ofgrowth in these cells. Preliminary studies in this laboratory using the nontransformed IEC-6 line derived from the rat small intestine found that TGF ,3 can be a potent growth inhibitor in this system and can promote expression ofat least some features of the differentiated villus cell (2, 16 (25) . Blots were hybridized at 42°C for 24 h in 5X SSC before being washed sequentially in 0.5-1.0% SDS in 0.2X SSC. Cytophilin transcripts were assessed with the plB 15 riboprobe (26) kindly provided by R. Coffey, Jr., which was linearized with Pst I before being labeled with T7 polymerase. Hybridization with the riboprobe was carried out in the presence of 50% formamide, 5X SSC at 55°C for 20 h in 50 mM P/Na (pH 7.0), 1 mM EDTA, 2.5X Denhardt's, 200 yg/ml ssDNA (salmon sperm) and 0.1% SDS and washed three times in 0.1 X SSC, 0.1% SDS at 65°C, before autoradiography.
Detection of TGF activities. Primary intestinal epithelial cells freshly isolated as indicated above were suspended in 5 vol of 1% acetic acid and sonicated with a sonifier (model S-75; Branson Cleaning Equipment Co., Shelton, CT; 15-s bursts at maximum power setting no. 5) and the soluble extracts obtained as the supernatant after centrifugation ( 105,000 g for 60 min). Extracts were adjusted to a concentration of 1.0 mg/ml protein as determined by the method of Lowry et al. (27) and either used directly for soft agar colony stimulation assays or first Iyophilized for competitive binding assays.
Stimulation ofcolony formation in soft agar was assessed using the normal rat kidney (NRK) or baby hamster kidney (BHK) fibroblast indicator lines essentially as described (28, 29 (Fig. 2 A) . Interestingly, the major TGF a transcript in this cell line was slightly larger than that found in the primary cells (4.8 vs. 4.5 kb). In addition, a small amount of a still larger transcript was also observed in the IEC-6 cell line.
A gradient in the expression of a TGF # specific transcript was also observed (Fig. 2 B) (18) and thymidine uptake and in-)~~~~~~c orporation (17) . Gradient 'y-actin-specific oligonucleotide (39-mer)
end labeled with T4 kinase (20) as detailed in the text.
assays constructed using genuine unlabeled EGF. As summarized in Table I (12) (13) (14) . As described above, Northern blot analysis with the TGF a-specific probe demonstrated the intrinsic production of this peptide by villus cells. Northern analysis was also carried out with EGFspecific oligonucleotide probes (Fig. 3) . EGF-specific transcripts were not found in any intestinal epithelial cell population with an oligonucleotide probe that hybridized strongly to mRNA prepared from submaxillary gland and the full-thickness duodenum (including the Brunner's glands) included as positive controls.
Discussion
The intestinal mucosa contains a dynamic population of epithelial cells in which the mitotically active components are spatially segregated from differentiated cells. Undoubtedly a variety of substances may contribute to the regulation of proliferation and turnover in these cells. The studies described in this report suggest that the intestinal epithelial cells themselves produce at least two factors, TGF a and (3, which are recog- (17) ( Fig. 1) . The seemingly uniform distribution of TGF receptors among intestinal epithelial cell populations in the face of the differential distribution of intrinsic ligand production, suggests that these growth factors may operate through both autocrine and paracrine mechanisms. As noted above, maximal expression of TGF a was found in villus cells, with lesser concentrations of transcripts and peptide in the crypt cells while an opposite distribution was found for TGF ft. The latter compares with findings noted in a preliminary report (33) . Nonetheless, the paradoxical nature of the distribution of TGF a and TGF # in intestinal epithelial cells should be emphasized.
Production of TGF a, which promotes proliferative activity, was greatest in differentiated cells, whereas the growth-inhibiting TGF # was predominantly found in undifferentiated mitotically active crypt cells. Although simplistic, these observations suggest that the balance of crypt proliferative activity with villus cell maturation and senescence may be controlled by a paradoxical feedback :nechanism, i.e., crypt cell production of TGF fl, which puts a brake on their own proliferation, may be counterbalanced by villus cell production of TGF a. Although other factors undoubtedly also play a role in modulating this balance, this model presupposes that TGF # acts through an autocrine or local paracrine mechanism, whereas TGF a acts in this regard through a longer range paracrine mode. Clarification ofthese processes may provide insight into the exquisite balance between cell proliferation, functional capacity, and cell loss in these dynamic populations.
